Background Patients with rosacea demonstrate a higher density of Demodex mites in their skin than do controls. A bacterium isolated from a Demodex mite from a patient with papulopustular rosacea (PPR) was previously shown to provoke an immune response in patients with PPR or ocular rosacea, thus suggesting a possible role for bacterial proteins in the aetiology of this condition. Objectives To examine the response of neutrophils to proteins derived from a bacterium isolated from a Demodex mite. Methods Bacterial cells were lysed and proteins were partially purified by Ä KTA fast protein liquid chromatography. Isolated neutrophils were exposed to bacterial proteins and monitored for alterations in migration, degranulation and cytokine production. Results Neutrophils exposed to proteins from Bacillus cells demonstrated increased levels of migration and elevated release of matrix metalloprotease 9, an enzyme known to degrade collagen, and cathelicidin, an antimicrobial peptide. In addition, neutrophils exposed to the bacterial proteins demonstrated elevated rates of interleukin 8 and tumour necrosis factor-a production. Conclusions Proteins produced by a bacterium isolated from a Demodex mite have the ability to increase the migration, degranulation and cytokine production abilities of neutrophils. These results suggest that bacteria may play a role in the inflammatory erythema associated with rosacea.
Rosacea is a chronic inflammatory dermatosis that affects primarily the skin of the central regions of the face. 1 A number of forms of this condition are recognized, including papulopustular, erythematotelagiectatic, ocular and phymatous. 2 Factors such as alterations in the innate immune response, vascular changes in the skin and the presence of reactive oxygen species (ROS) within the skin have been suggested as playing a role in the induction and persistence of the condition. 3 Neutrophils play a critical role in the innate immune system by phagocytosing, killing and digesting microbial cells 4 and have been implicated in the pathogenesis of rosacea. 5 Oxidative mechanisms of microbial killing are dependent upon the production of ROS, triggered by activation of the NADPH oxidase. 6 Many of the agents used to control rosacea, such as tetracyclines, azelaic acid, retinoids and metronidazole, [7] [8] [9] inhibit ROS production and lead to clearance of rosacea, thus suggesting a central role for neutrophils in the condition. Neutrophils can also induce tissue damage by the release of proteolytic enzymes that can degrade collagen, 10, 11 as well as activating key signalling pathways 12, 13 that result in increased inflammation.
Antibiotics such as metronidazole, tetracyclines and erythromycin, which are employed to control rosacea, indicate a potential role for bacteria in the aetiology of the condition, although it has been suggested that these antibiotics may act primarily as anti-inflammatory agents rather than by inhibiting a specific bacterium. 14 Staphylococcus epidermidis isolated from patients with rosacea (but not controls) were consistently b-haemolytic and grew better at 37°C than at 30°C, suggesting a link between mesophilic hydrolytic bacteria and rosacea. 15 In addition, this bacterium has been isolated from the pustules of patients with papulopustular rosacea and from the eyelids of patients with ocular rosacea, indicating a possible role for this bacterium in the induction of these conditions. 16 Patients affected with rosacea display a higher density of facial mites, Demodex folliculorum, than unaffected controls. [17] [18] [19] A bacterium (Bacillus oleronius) isolated from a D. folliculorum mite from a patient with rosacea produced proteins that induced an inflammatory immune response in 72% of patients with papulopustular rosacea, but in only 29% of controls (P = 0AE01). 20 The bacterium was previously isolated from the digestive tract of a termite, where it plays a role in facilitating digestion, 21 and it was postulated that the bacterium may play a similar role in the digestive tract of Demodex. 20 Recently, a strong correlation has been established between serum reactivity to these Bacillus proteins and eyelid margin inflammation (P = 0AE04) and ocular rosacea (P = 0AE01). 22 The aim of the work presented here was to investigate the response of neutrophils to proteins from B. oleronius because it was hypothesized that these proteins could stimulate neutrophils and so lead to localized inflammation in vivo.
Materials and methods

Preparation of bacterial proteins
Proteins were extracted from B. oleronius cells as described previously. 20 The protein concentration was determined by Bradford assay and this material was termed 'crude' protein preparation. The crude protein preparation was diluted in phosphate-buffered saline (PBS) to a concentration of 200 lg mL )1 and stored at )20°C. The crude preparation was purified by anion exchange separation by Ä KTA fast protein liquid chromatography (Ä KTAFPLCÔ, GE Healthcare, Little Chalfont, U.K.) as described. 20 Fractions corresponding to the proteins of interest were pooled, precipitated (termed 'purified' protein preparation) and resuspended in PBS at a concentration of 200 lg mL )1 . Proteins were resolved by one-dimensional sodium dodecyl sulphate-polyacrylamide gel electrophoresis (1-D SDS-PAGE) and stained with colloidal Coomassie blue to visualize.
Protein identification
Gel pieces corresponding to protein bands were excised and trypsin digested as described. 23 Following peptide extraction, identification was performed using an Agilent 6340 Ion Trap LC ⁄MS (Agilent Technologies, Santa Clara, CA, U.S.A.), calibrated using bovine serum albumin ( Table 1 ). The resulting mass lists were Basic Local Alignment Search Tool (BLAST) searched using the Mascot MS ⁄MS Ion Search program, available at http://www.matrixscience.com (accessed 11 January 2012). Annotated function and protein information was ascertained through the UniProt database (http://www. uniprot.org) (accessed 11 January 2012). A Mascot score > 67 was considered significant at P < 0AE05.
Isolation of neutrophils
Human neutrophils were isolated from healthy volunteers by dextran sedimentation and Ficoll-Hypaque centrifugation (Axis-Shield PoC AS, Oslo, Norway) as previously described. 24 Viability was assessed using the trypan blue exclusion assay. 25 
Neutrophil migration assay
Neutrophils (1 · 10 6 mL )1 ) were resuspended in RPMI-1640 medium containing 2 mmol L )1 L-glutamine and 5% fetal calf serum (FCS). Cells were treated with the bacterial protein (2 and 6 lg mL )1 of the purified or 2 lg mL )1 of the crude preparation) for 1 h. A 3-lm porous insert (BD FalconÔ, BD, Franklin Lakes, NJ, U.S.A.) was added to each well of a 24well plate containing medium (500 lL) with the protein preparation. Neutrophils in medium (500 lL) containing the bacterial proteins were added into the insert and the plate was incubated for 24 h in a humidified 5% CO 2 incubator at 37°C. Inserts were removed and washed three times with PBS before staining with crystal violet (0AE25% w ⁄v). The cells were eluted using glacial acetic acid (33% v ⁄v) and the absorbance was measured at 570 nm using a BioTek plate reader (BioTek, Winooski, VT, U.S.A.) as an indicator of neutrophil migration.
Quantification of release of matrix metalloprotease 9 and cathelicidin
Neutrophils (1 · 10 7 mL )1 ) were resuspended in PBS containing 5 mmol L )1 glucose and protease inhibitors as described. Following co-incubation with Bacillus protein preparations (crude or purified) in a stirred chamber at 37°C, an aliquot was removed at t = 0, 3, 6 and 9 min. Cells were removed by centrifugation (800 g). The protein content of the supernatant was precipitated and prepared for electrophoresis and immunoblotting.
Samples were separated by 1-D SDS-PAGE [12AE5% (w ⁄v) acrylamide]. For Western blotting, the protein was transferred to a nitrocellulose membrane using a wet blotter at 100 V for 70 min. Membranes were incubated in the primary antibodies diluted 1 : 1000 overnight at 4°C. Matrix metalloprotease (MMP)-9 antiserum raised in goat (GenWay Biotech, Inc., San Diego, CA, U.S.A.) and human cathelicidin antimicrobial protein (hCAP-18) ⁄LL-37 antiserum raised in rabbit (Lonza, Basel, Switzerland) were employed. Membranes were incubated in the secondary antibodies for 2 h at room temperature. Horseradish peroxidase (HRP)-linked goat antiserum at a dilution of 1 : 5000 was used with the MMP-9 blots and HRP-linked rabbit antiserum at a dilution of 1 : 1000 was used for the hCAP-18 blots. Enhanced chemiluminescence (PerkinElmer, Waltham, MA, U.S.A.) was employed to develop reactive protein bands and the intensity of immunobands was quantified by densitometry using ImageJ software (NIH, Bethesda, MD, U.S.A.).
Cytokine determination by enzyme-linked immunosorbent assay
Isolated neutrophils (1 · 10 6 mL )1 in RPMI-1640 media containing 2 mmol L )1 L-glutamine and 5% FCS) were added to each well of 24-well flat-bottomed tissue culture plates (BD FalconÔ) and incubated for 3, 15 and 24 h. Cells were treated with 2 and 6 lg mL )1 of purified bacterial protein or 2 lg mL )1 of crude Bacillus protein preparation. Culture supernatants were harvested at the indicated times and stored at )80°C until assayed. IL-8 and TNF-a levels were measured using commercial enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, U.S.A. and mini ELISA; PeproTech, Rocky Hill, NJ, U.S.A., respectively) according to the manufacturers' guidelines.
Statistics
All values are the mean of at least three biological replicates ± SE. Experimental data were tested for statistical significance at P < 0AE05 using a Student's t-test with GraphPad Prism 5 (GraphPad Software, La Jolla, CA, U.S.A.); * is used to denote P < 0AE05, while ** denotes P < 0AE01.
Results
Isolation and purification of Bacillus oleronius proteins
It has been previously demonstrated that B. oleronius produces proteins that induce immune reactivity in patients with rosacea. 20, 22 To analyse the effect of this bacterium on neutrophils, a whole cell lysate was prepared and purified using Ä KTAFPLCÔ (GE Healthcare). Due to the nature of the purification method, several proteins were present in the preparation, as evidenced by resolving the sample on an SDS-PAGE gel ( Fig. 1 ). Selected protein bands (29) were excised and prepared for identification as described. A number of these proteins ( Table 1 ) had well characterized abilities to interact with and stimulate an immune response. One of the proteins present in the preparation was identified as a peptidoglycan synthesis protein (band 5): peptidoglycan is a well characterized trigger for the innate immune response. 26, 27 Band 20 was identified as flagellin, which is a ligand for TLR-5; activa-tion of this pathway leads to production of cytokines such as IL-8. [28] [29] [30] A number of the proteins identified in the purified fraction of the Bacillus lysate were involved in the bacterial response to oxidative stress including Kat E1 (band 4), vegetative catalase 1 (band 8), superoxide dismutase (band 24) and alkyl hydroperoxide reductase (small subunit) (band 26). Catalases (band 8) have been previously identified as being immunoreactive in human sera, 31 while alkyl hydroperoxide reductase from Helicobacter pylori is known to provoke a strong immune response in mammals. 32 Elongation factor G (band 12) was also among the identified proteins: several studies have reported proteins with elongation and translational functions as antigenic. [33] [34] [35] Effect of Bacillus oleronius antigens on neutrophil migration Neutrophil migration assays were performed to examine if the Bacillus proteins could act as chemo-attractants and thus result in increased neutrophil migration in vitro. The results (Fig. 2 ) demonstrate that B. oleronius protein treated cells migrate through the 3-lm porous inserts at a higher rate than control cells. Cells exposed to 2 mg mL )1 of purified Bacillus protein migrated at four times the rate through 3-lm pores compared with controls. Those cells exposed to the 2 mg mL )1 crude protein preparation migrated at a rate six times greater than controls.
Effect of Bacillus oleronius antigens on neutrophilmediated degranulation
Degranulation is an intrinsic part of the killing mechanism of neutrophils and serves to eliminate phagocytosed microbes. Healthy control neutrophils were exposed to the B. oleronius protein preparations, and cell-free supernatants were isolated and resolved by 1-D SDS-PAGE. Western blot analysis of these supernatants demonstrated there was an increase in the levels of MMP-9 secreted by neutrophils during degranulation when treated with the Bacillus antigens ( Fig. 3a,b ). There was a 2AE9fold increase in release of MMP-9 from neutrophils treated with 2 lg mL )1 of the purified antigen after 3 min when compared with the controls (P = 0AE001). Following 6 min of exposure to bacterial proteins, expression of hCAP-18 by neutrophils increased by 2AE4-fold (P = 0AE04) compared with control cells (Fig. 4a,b) . These results indicate that exposure of neutrophils to the crude or purified B. oleronius protein preparations leads to significantly elevated rates of degranulation as measured by the release of MMP-9 and cathelicidin, which in vivo could damage surrounding tissue. 10, 11, 36 Bacillus oleronius proteins stimulate the production of inflammatory cytokines by neutrophils Cytokine production and release by neutrophils is an essential part of the inflammatory process at sites of injury. The chemokine IL-8 has a major role in recruiting circulating neutrophils to inflammatory sites and the cytokine TNF-a is known to be produced by neutrophils during inflammation triggered by bacterial proteins. [37] [38] [39] We evaluated the ability of B. oleronius proteins to induce neutrophil production of IL-8 and TNF-a over 24 h. Neutrophils exposed to Bacillus proteins demonstrated a significant increase in IL-8 production compared with controls. The greatest increase was evident in neutrophils exposed to the crude Bacillus protein preparation for 16 h where a 2AE7-fold increase was observed (P = 0AE003) (Fig. 5a ). The greatest increase in TNF-a production was evident in neu- Visualization of anti-matrix metalloprotease (MMP)-9 reactivity in secretome of neutrophils exposed to Bacillus protein preparation for 0, 3, 6 and 9 min. The graph (b) represents densitometric analysis of the blots (a) using ImageJ software. There is a significant increase in reactivity of the anti-MMP-9 antibody to the secretome of neutrophils treated with PMA (positive control) or B. oleronius protein preparation (pure or crude). * denotes that the treatment means are significantly different at P < 0AE05 and ** denotes significant difference at P < 0AE01 relative to the control at the appropriate time point. PMA, phosphomolybdic acid. (cathelicidin) reactivity in secretome of neutrophils exposed to Bacillus protein preparation for 0, 3, 6 and 9 min. The graph (b) represents densitometric analysis of the blots (a) using ImageJ software. There is a significant increase in reactivity of the hCAP-18 antibody to the secretome of neutrophils treated with PMA (positive control) or B. oleronius protein preparation (pure or crude). * denotes that the treatment means are significantly different at P < 0AE05 and ** denotes significant difference at P < 0AE01 relative to the control at the appropriate time point. PMA, phosphomolybdic acid. trophils exposed to 2 lg mL )1 crude Bacillus protein preparation for 3 h (2AE9-fold increase, P < 0AE001) or 16 h (2AE8-fold increase, P < 0AE001) ( Fig. 5b ).
Discussion
The significance of the elevated density of Demodex mites on the faces of patients with rosacea 18, 19, 40 has been the subject of much speculation. Recent work has demonstrated that a bacterium isolated from a Demodex mite from the face of a patient with papulopustular rosacea produced proteins that stimulate an immune response in patients with papulopustular 20 or ocular rosacea. 22 The current work sought to characterize the effects of these Demodex-associated Bacillus proteins on the host's immune response by characterizing the effect on neutrophils, which have previously been implicated in the pathogenesis of rosacea. 7, 8 Bacillus cell lysates contain a wide range of immunogenic proteins, which could interact with and activate the immune response in the skin of patients with rosacea (Table 1) . Exposure of neutrophils to proteins from B. oleronius leads to increased migration (Fig. 2) , which could be significant in vivo because it would suggest an increase in movement of neutrophils in an area high in these proteins. Neutrophils exposed to the Bacillus proteins were also shown to degranulate, as measured by the release of MMP-9 ( Fig. 3) and cathelicidin (Fig. 4) , and to produce the inflammatory cytokines IL-8 and TNF-a ( Fig. 5a,b) . The production of the cytokines indicates that further neutrophil recruitment to the site is possible as well as further TNF-a-induced inflammation.
One potential scenario linking the presence of B. oleronius immune stimulatory proteins in Demodex mites to the symptoms of rosacea is dependent upon high mite density. As the Demodex mites die in the pilosebaceous unit they would release the Bacillus cells and associated proteins. The released bacterial proteins could leak from the unit and attract neutrophils to the affected areas, which would then degranulate, releasing MMP-9 and cathelicidin in the tissue adjacent to the pilosebaceous unit, causing tissue degradation and inflammation. Furthermore, these proteins induce the production of inflammatory cytokines ⁄chemokines by neutrophils; this would maintain the inflammation observed in patients with rosacea, causing increased neutrophil influx towards the pilosebaceous unit. The activation of neutrophils would result in excessive inflammation and tissue damage in the affected areas. [10] [11] [12] 36, 41, 42 Antibiotic therapy (e.g. metronidazole or tetracycline) used in the treatment of rosacea would kill the Bacillus in the Demodex mites; thus no new bacterial cells ⁄proteins would be released from the mites after a period of time. It is well established that, following cessation of antibiotic therapy, the symptoms of rosacea gradually return over a period of time. 14 We speculate that this may be due to a gradual increase in the population of Demodex mites in the skin, leading to release of bacterial proteins and once again stimulating neutrophil migration and inflammation.
It is postulated that B. oleronius may be one of a number of bacteria that reside in the digestive tract of the Demodex mite. 20 Demodex mites are unique in the animal kingdom in lacking an anus; consequently they cannot void waste material. 43, 44 It is oleronius proteins on tumour necrosis factor (TNF) a secretion by human neutrophils, expressed as pg mL )1 of cytokine. The results represent three biological replicates of the assay where * denotes that the treatment means are significantly different at P < 0AE05 and ** denotes highly significant difference at P < 0AE01. PMA, phosphomolybdic acid. possible that the mite requires a range of bacteria to assist in the digestion of food and that these build up to high levels in the digestive tract before being released following the death of the mite. The elevated mite density in patients with rosacea leads to the release of large amounts of stimulatory proteins, which may leak from the pilosebaceous unit and attract neutrophils, which in turn leads to inflammation and tissue damage. This hypothesis might explain why papulopustular rosacea in particular often demonstrates a follicular-oriented inflammation.
It is clear that rosacea is a multifactorial disease and involves environmental, immunological, microbiological and dermatological components. 3, 14 While the results presented here do not explain the aetiology of rosacea, they do offer an insight into how an elevated Demodex density could play a role in the induction of tissue damage and explain why antibiotic treatment leads to a reduction in symptoms without immediately reducing mite numbers. The elevated release of cathelicidin antimicrobial peptides 45 may also facilitate an enhanced immune response to the released proteins. A greater understanding of the factors that contribute to the onset and persistence of rosacea will allow the development of more effective therapies.
What's already known about this topic?
• Patients with Rosacea demonstrate a higher density of Demodex mites in their skin than controls. The role of these mites in the induction of rosacea is unclear.
What does this study add?
• This study demonstrates that proteins from a bacterium (Bacillus oleronius) from a Demodex mite originally isolated from a patient with rosacea activate neutrophils and thus may play a role in the induction of the inflammation and tissue degradation associated with this condition.
